Abstract: Absolute pitch (AP) refers to the rare ability to identify the chroma of a tone or to produce a specific pitch without reference to keyality (e.g., G or C). Previously, AP has been proposed to rely on the distinctive functional-anatomical architecture of the left auditory-related cortex (ARC), this specific trait possibly enabling an optimized early "categorical perception". In contrast, currently prevailing models of AP postulate that cognitive rather than perceptual processes, namely "pitch labeling" mechanisms, more likely constitute the bearing skeleton of AP. This associative memory component has previously been proposed to be dependent, among other mechanisms, on the recruitment of the left dorsolateral prefrontal cortex (DLPFC) as well as on the integrity of the left arcuate fasciculus, a fiber bundle linking the posterior supratemporal plane with the DLPFC. Here, we attempted to integrate these two apparently conflicting perspectives on AP, namely early "categorical perception" and "pitch labeling". We used electroencephalography and evaluated resting-state intracranial functional connectivity between the left ARC and DLPFC in a sample of musicians with and without AP. Results demonstrate significantly increased left-hemispheric theta phase synchronization in AP compared with non-AP musicians. Within the AP group, this specific electrophysiological marker was predictive of absolute-hearing behavior and explained 30% of variance. Thus, we propose that in AP subjects the tonal inputs and the corresponding mnemonic representations are tightly coupled in such a manner that the distinctive electrophysiological signature of AP can saliently be detected in only 3 min of resting-state measurements. Absolute pitch (AP) refers to the rare ability to identify the chroma of a tone or to produce a specific pitch without reference to keyality (e.g., G or C). Previously, AP has been proposed to rely on the distinctive functional-anatomical architecture of the left auditory-related cortex (ARC), this specific trait possibly enabling an optimized early "categorical perception". In contrast, currently prevailing models of AP postulate that cognitive rather than perceptual processes, namely "pitch labeling" mechanisms, more likely constitute the bearing skeleton of AP. This associative memory component has previously been proposed to be dependent, among other mechanisms, on the recruitment of the left dorsolateral prefrontal cortex (DLPFC) as well as on the integrity of the left arcuate fasciculus, a fiber bundle linking the posterior supratemporal plane with the DLPFC. Here, we attempted to integrate these two apparently conflicting perspectives on AP, namely early "categorical perception" and "pitch labeling". We used electroencephalography and evaluated resting-state intracranial functional connectivity between the left ARC and DLPFC in a sample of musicians with and without AP. Results demonstrate significantly increased left-hemispheric theta phase synchronization in AP compared with non-AP musicians. Within the AP group, this specific electrophysiological marker was predictive of absolute-hearing behavior and explained ϳ30% of variance. Thus, we propose that in AP subjects the tonal inputs and the corresponding mnemonic representations are tightly coupled in such a manner that the distinctive electrophysiological signature of AP can saliently be detected in only 3 min of resting-state measurements.
Introduction
The ability to identify a note without relying on a reference tone (Takeuchi and Hulse, 1993; Zatorre, 2003; Levitin and Rogers, 2005) has an incidence of Ͻ1% (Takeuchi and Hulse, 1993) , whereas Asian people speaking tonal languages have a higher rate (Deutsch et al., 2006 (Deutsch et al., , 2009 . Absolute pitch (AP) is supposed to originate from an intertwining of genetic factors (Baharloo et al., 1998; Gregersen et al., 1999) , early exposure to music (Gregersen et al., 2001; Deutsch et al., 2006; , and intensity of musical training (Gregersen et al., 2001; .
Until now, there is functional evidence indicating that AP is somehow related to an optimized early "categorical perception" (Siegel, 1974) at the processing level of the auditory-related cortex (ARC; Hirata et al., 1999; Ohnishi et al., 2001; Itoh et al., 2005; Wu et al., 2008; Schulze et al., 2009; Matsuda et al., 2013) . This perspective is strengthened by previous anatomical work suggesting a relationship between the surface area of the left planum temporale (PT; Schlaug et al., 1995; Keenan et al., 2001; Luders et al., 2004; Bermudez et al., 2009 ), or PT asymmetry (Keenan et al., 2001 , and the ability to perceive tones absolutely. However, such a relationship has been called into question due to methodological limitations, including studies that not adequately matched for age of commencement of musical training or training intensity (Itoh et al., 2005; Kamiyama et al., 2010) , performed measurements in a noisy MRI environment (Ohnishi et al., 2001; Schulze et al., 2009; Oechslin et al., 2010) , or compared AP musicians with non-musicians (Hirata et al., 1999; .
Prevailing two-component models (Zatorre and Beckett, 1989; Zatorre, 2003; Levitin and Rogers, 2005) suggest that AP is constituted by one perceptual (i.e., "categorical perception") and two cognitive ["pitch memory" (i.e., explicit memory) and "pitch labeling" (i.e., implicit associative memory)] mechanisms, whereby the latter probably more likely constitutes the bearing skeleton of AP. However, since "pitch memory" is common to almost all individuals when recalling popular songs from memory (Halpern, 1989; Levitin, 1994) , the mnemonic association between pitches and labels (i.e., "pitch labeling") has been proposed to constitute the most distinctive trait of AP Rogenmoser et al., 2014) . This associative memory component is assumed to rely, among other mechanisms, on the recruitment of the left dorsolateral prefrontal cortex (DLPFC; Zatorre et al., 1998 Zatorre et al., , 2003 Ohnishi et al., 2001; Bermudez and Zatorre, 2005; Bermudez et al., 2009) as well as on the integrity of the arcuate fasciculus (AF; Oechslin et al., 2009; , a fiber bundle linking the posterior supratemporal plane with the DLPFC (Makris et al., 2005) .
Neuronal oscillations in the theta frequency range (ϳ4 -7 Hz) seem to be more closely linked to mnemonic functions than they are to other cognitive processes (Ward, 2003) . In addition, theta oscillations have previously been identified as a salient marker of associative memory functions (Ward, 2003; Crespo-Garcia et al., 2012; Chen et al., 2013) . Therefore, we examined the possibility to integrate early "categorical perception" and "pitch labeling" mechanisms by evaluating intracranial resting-state connectivity in the theta frequency range between the left ARC and DLPFC (Fig. 1 ).
Materials and Methods
Participants. All professional AP (total 16, 4 men, mean age ϭ 25.4 years, SD ϭ 9.6 years) and non-AP (NAP) musicians (total 10, 2 men, mean age ϭ 24.4, SD ϭ 3.0 years) measured in the present study were consistently right-handed, as revealed by the Annett Handedness Inventory (Annett, 1970) . None of the participants reported a history of neurological, psychiatric, or audiological disorders. All subjects denied consumption of illegal drugs or regular medication and pure tone audiometry (Home Audiometer software; http://www.esseraudio.com/de/homeaudiometer-hoertest.html) revealed an unremarkable audiological status. The subjects were paid for participation, the local ethics committee approved the study, and written informed consent was obtained from all participants.
History of musical training. History of musical training was assessed by using an in-house questionnaire . Based on this questionnaire, we evaluated the age of commencement of musical training, the instruments played, as well as the estimated cumulative number of training hours across life span.
Musical aptitudes. Musical aptitudes were quantified by using the "Advanced Measure of Music Audition" (AMMA; Gordon, 1989) . During the AMMA test, the volunteers had to listen to short pairs of piano sequences and to decide whether the sequences were equivalent, rhythmically different, or tonally different.
Absolute pitch ability. AP ability was evaluated by a pitch labeling test previously used by our group (Oechslin et al., 2009) . Subjects listened to 108 pure sine wave tones presented in a pseudorandomized order and were instructed to write down the tonal label immediately after hearing the accordant tone. The tones ranged from A3 (tuning: A4 ϭ 440 Hz) to A5 and were presented three times each, whereby the same tones were never presented successively. Each tone presented during the test had a duration of 1 s. The interstimulus interval was 4 s and filled with Brownian noise. The accuracy was evaluated by counting the total number of correct responses. Semitone errors were counted as incorrect responses to increase discriminatory power.
Cognitive capability. Between-group differences in intelligence were evaluated by applying a short German intelligence test (MehrfachwahlWortschatz Intelligenz Test, MWT-B) . This procedure permits the estimation of crystalline intelligence in a short time, and has previously been shown to correlate fairly well (r ϭ 0.72) with the global intelligence quotient in healthy adults (Lehrl and Fischer, 1992) . The MWT-B consists of 37 items ordered as a function of difficulty level. For each item, the subjects had to choose the unique word with a meaning out of five pseudowords. EEG data acquisition and preprocessing. During resting-state measurements the subjects were instructed to remain relaxed in a passive status with closed eyes and to not explicitly force any kinds of thoughts. Continuous resting-state EEG (32 electrodes ϩ 2 eye channels, provided by Easy Cap) was recorded during an eyes-closed period of 3 min with a sampling rate of 1000 Hz and a high-pass filter of 0.1 Hz by using an EEG amplifier (Brain Products). The electrodes (sintered silver/silver chloride) were located at frontal, temporal, parietal, and occipital scalp sites according to the international 10 -10 system (Fp1, Fp2, F7, F3, Fz, F4, F8, FT7, FC3, FCz, FC4, FT8, T7, C3, Cz, C4, T8, TP9, TP7, CP3, CPz, CP4, TP8, TP10, P7, P3, Pz, P4, P8, O1, Oz, and O2). The reference electrode was placed on the tip of the nose, and electrode impedance was reduced to Ͻ10 k⍀ by using Electro-Gel conductant. For all preprocessing steps, we used the Brain Vision Analyzer software package (version 2.01; Brain Products). Data were filtered off-line from 1 to 20 Hz, and artifacts (i.e., eye movements and blinks) were eliminated by using an independent component analysis (Jung et al., 2000) in association with a semiautomatic raw data inspection. After data preprocessing, the resting-state period was segmented into single sweeps of 2000 ms, and data were subjected to intracranial functional connectivity analyses by using the eLORETA toolbox.
Intracranial functional connectivity analyses. Functional connectivity was evaluated by using intracranial lagged phase-synchronization values and the eLORETA software package (http://www.uzh.ch/keyinst/loreta. htm). Lagged phase synchronization is a measure for the similarity (a corrected phase synchrony value) between signals in the frequency domain based on normalized (umodule) Fourier transforms; thus it is related to nonlinear functional connectivity. This lagged connectivity measure is accurately corrected as it represents the connectivity between two signals after the instantaneous zero-lag contribution has been excluded (Nolte et al., 2004; Stam and van Straaten, 2012) . Such a correction is necessary when using scalp EEG signals or estimated intracranial signals (EEG tomography), because zero-lag connectivity in a given frequency band is often due to nonphysiological effects or intrinsic physics artifacts, in particular volume conduction and low spatial resolution, which usually affect other connectivity indices. Thus, this measure is thought to contain only true physiological connectivity information.
In the current implementation of eLORETA, computations were made within a realistic head model (Fuchs et al., 2002) , using the Montreal Neurological Institute (MNI) 152 template (Mazziotta et al., 2001) , with the 3D solution space restricted to cortical gray matter, as determined by the probabilistic Talairach atlas (Lancaster et al., 2000) . The intracranial volume is partitioned in 6239 voxels at 5 mm spatial resolution. eLORETA images represent the electric activity at each voxel in the neuroanatomic MNI space as the exact magnitude of the estimated current density. Anatomical labels and Brodmann areas (BA) are reported using MNI space, with correction to Talairach space (Brett et al., 2002) .
For intracranial functional connectivity analyses, we selected two a priori defined regions of interest (ROI) in each hemisphere (Fig. 1) . These two ROIs consisted of BA 41/42 (ROI 1, ARC) and BA 9/10/46 (ROI 2, DLPFC) that were specifically selected based on previous literature on AP (Schlaug et al., 1995; Keenan et al., 2001; Ohnishi et al., 2001; Luders et al., 2004; Bermudez and Zatorre, 2005, 2009; Bermudez et al., 2009) . Intracranial connectivity between the two left-sided ROIs was evaluated based on a specific a priori hypothesis. In addition, since previous literature reported right hemispheric effects along the supratemporal plane (Schulze et al., 2009; Wengenroth et al., 2014) and the DLPFC in AP musicians (Bermudez et al., 2009 , Zatorre et al., 1998 Schulze et al., 2009) , we also investigated right-sided connectivity between ROI 1 and 2. For functional connectivity analyses between the two ROIs, a method using a single voxel at the centroid of the BAs was chosen. Details on eLORETA connectivity algorithms can be found in previous reports by Pascual-Marqui et al. (2011) . For each group, eLORETA functional connectivity was computed in a specific a priori selected frequency band previously shown to reliably reflect mnemonic processes and information integration (Ward, 2003) , namely theta (4 -7 Hz).
Statistical analyses. Intracranial connectivity data were subjected to outlier statistic, and one subject per group (Ͼ2 SD) was excluded from data analyses. After having tested for normal data distribution by using the Kolmogorov-Smirnov test, connectivity data were subjected to a 2 ϫ 2 ANOVA (two groups and two hemispheres). Interaction effects were further inspected by using t tests (corrected for multiple comparisons by using the Bonferroni procedure). Correlative analyses were performed by using partial correlations corrected for the influence of age of commencement of musical training (Gregersen et al., 2001; Deutsch et al., 2006; .
Results

Autobiographical and behavioral data
The two groups did not significantly differ in age (t (22) 
Intracranial functional connectivity
The 2 ϫ 2 ANOVA revealed a significant interaction effect between group and hemisphere (F (1, 22) (Fig. 3) . We did not reveal within-group differences (Bonferroni corrected) in right-or left-hemispheric connectivity (AP t (14) ϭ 1.816, p ϭ 0.045; NAP t (8) ϭ Ϫ1.678, p ϭ 0.066). For reasons of completeness, we additionally evaluated connectivity in the following frequency bands: lower ␣ (8 -10 Hz), upper ␣ (10 -12 Hz), total ␣ (8 -12 Hz), lower ␤ (13-16 Hz), higher ␤ (17-20 Hz), and total ␤ (13-20 Hz). These analyses did not yield a main effect of group nor a group ϫ hemisphere interaction effect, this result militating in favor of the specificity of oscillation in coordinating long-range circuits. ability, we computed within-group partial correlations (onetailed) between left-hemispheric connectivity and pitch-labeling performance by correcting for the influence of age of commencement of musical training. Within the AP group, functional connectivity was predictive of pitch-labeling performance (APr p ϭ 0.544, p ϭ 0.022, r p 2 ϭ 0.295; NAPr p ϭ Ϫ0.488, p ϭ 0.11, one-tailed, Fig. 4 ).
Relationship between intracranial connectivity and pitchlabeling performance
Discussion
The main objective of the present work was to integrate two apparently opposite perspectives on AP, namely early "categorical perception" and "pitch labeling". Based on the assumption that a coexistence of these two theoretical frameworks can be explained by taking into account the functional interchange between sensory and cognitive brain regions, here we evaluated intracranial theta phase-coupling between the left ARC and DLPFC. Theta oscillations have previously been shown to reliably reflect mnemonic processes (Kahana et al., 1999; Caplan et al., 2001; Ward, 2003; Sauseng et al., 2005) , information integration (Ward, 2003) , and neuronal communication between distinct brain regions over long-range circuits (Ward, 2003; Polanía et al., 2012) . The increased phase synchronization we revealed in AP musicians in a left-hemispheric network suggests that theta phase alignment between the ARC and the DLPFC may enable neuronal facilitation during pitch-label associations. Therefore, we propose that these "background" electrophysiological oscillations may constitute a salient marker that enables the objectification of the distinctive quality of AP. It is important to mention that our results are fully in line with a previous diffusion tensor imaging (DTI) study of Halwani et al. (2011) who compared fractional anisotropy and volume of the bilateral AF in a sample of musicians and non-musicians and provided evidence for AF symmetry in musicians regardless of the instrument trained. Previous studies on AP have provided substantive support for functional-structural alterations of the left ARC (Schlaug et al., 1995; Hirata et al., 1999; Ohnishi et al., 2001; Luders et al., 2004; Schulze et al., 2009; Matsuda et al., 2013) and DLPFC (Bermudez and Zatorre, 2005, 2009 ; for an alternative perspective consider Wengenroth et al., 2014) . In addition, DTI data highlighted a relationship between AP ability and the architectural features of the left AF (Oechslin et al., 2009; , a fiber bundle connecting the posterior supratemporal plane with prefrontal brain regions. Recently, Makris et al. (2005) reported that this specific fiber bundle is actually composed of four separate components, and that at least one specific subdivision is in earnest linked to the DLPFC. According to this evidence, data are interpreted as suggesting a relationship between the functional-anatomical organizations of left-hemispheric perisylvian territories and the temporal alignment of neuronal oscillations at rest. This perspective is compatible with recent methodological work showing a positive correlation between theta oscillations and white matter connectivity (Cohen, 2011) or an inverse relationship between cortical thickness and auditory-evoked potentials (Liem et al., 2012) . According to underlying electrophysiological mechanisms, we propose that the opposite directions of the regression functions within the two groups may represent a functional change in the inhibitory-excitatory balance of perceptual-cognitive coupling mechanisms. Otherwise, it is even conceivable that theta phase alignment plays an indirect role in the modulation of crossfrequency nesting relations (Luo and Poeppel, 2007) . Finally, based on previous work showing that structural hyperconnectivity between the left posterior superior temporal gyrus and the superior temporal sulcus might support "categorical perception" in AP subjects , it is even conceivable to assume that the left ARC may act as a hub of information flow toward prefrontal brain regions. Certainly, the specific physiological mechanisms underlying increased intracranial theta phase-coupling in AP musicians at rest have to be clarified in more detail.
In summary, based on our results and on the described discrepancy in the literature between perceptual and cognitive perspectives on AP, here we propose a novel integrative spatiotemporal model of AP. This model postulates that in AP subjects the tonal inputs and the corresponding mnemonic representations are tightly coupled in such a manner that this distinctive electrophysiological signature can still be detected during short resting-state periods. This is an important step toward a holistic and integrative understanding of the brain mechanisms supporting absolute-hearing behavior. Certainly, the influences of autobiographical and genetic features on this specific spatiotemporal coupling mechanism, and its relationships to functional and structural plasticity, have to be described in more detail. 
